ABSTRACT: Genetic parameters for ultimate pH of Pectoralis major (PM-pHu) and Sartorius (SART-pHu) muscles, color parameters L*, a*, b*, log of drip loss (LogDL) of PM muscle, breast meat yield (BMY), thigh yield (TY), abdominal fat percentage (AFP), and body weight at 6 weeks (BW6) were estimated in two lines of broiler chickens divergently selected for PM-pHu. Effects of selection on all the previous traits and on glycolytic potential The mean differences (P < 0.001) in ultimate pH between the two lines were 0.42 and 0.21 pH units in the breast and thigh muscle, respectively. Breast meat in the pHu+ line exhibited lower lightness (-5 units, P < 0.001), redness (-0.22 units, P < 0.001), yellowness (-1.53 units, P < 0.001), and DL (-1.6 units, P < 0.001) than in the pHu-line. Breast meat of the pHu+ line was also characterized by greater CCY (+6.1 units, P < 0.001), lower CL (-1.66 units, P < 0.01), and lower WB-SF after cooking (-5.1 units, P < 0.001) compared to the pHu-line. This at INRA Institut National de la Recherche Agronomique on July 21, 2014 www.journalofanimalscience.org Downloaded from 3 study highlighted that selection based on pHu can be effective in improving the processing ability of breast meat and reducing the incidence of meat quality defects without affecting chicken growth performance.
INTRODUCTION
Evolution in consumers' attitude towards foods and increased demand for further processed meat products has significantly increased the importance of meat sensory and technological qualities, and processing ability (Barbut et al., 2008; Petracci et al., 2009 Petracci et al., , 2013 . Extreme meat quality conditions such as PSE-like or DFD meats are strongly associated with variations in meat pH (Fletcher, 2002) . Normal broiler breast meat pHu values are approximately 5.8-5.9 (Qiao et al., 2001; Duclos et al., 2007) . The more pHu deviates from this value the more defects occur. Meat with high pHu values (> 6.1) exhibits physicochemical properties resulting in DFD (Dark, Firm and Dry) syndrome, while meat with low pHu (< 5.7) is associated with acid meat, often referred to as PSE-like (Pale, Soft and Exudative) syndrome in broiler (Barbut, 1997; Woelfel et al., 2002) . Breast meat pHu has also been shown to be negatively associated with cooking loss (Woelfel et al., 2001; Bianchi et al., 2005) . Thus, low pHu values result in negative economic effects due to lower yield. The impact of meat pH on meat quality has been studied in broiler lines selected for different criteria such as growth rate (Nadaf et al., 2007) and body composition Sibut et al., 2008) . However, there has been no study of lines selected directly for muscle pHu or related meat quality traits. In 2009, two divergently selected broiler lines were created with the Pectoralis major pHu (PM-pHu) breeding value as selection criterion. These at INRA Institut National de la Recherche Agronomique on July 21, 2014 www.journalofanimalscience.org Downloaded from 4 lines, specifically selected on breast meat pHu, should contribute significantly to understanding of genetic and physiological control of meat quality and the relationship with growth and body composition. This study investigated the genetic control of PM-pHu in relation to meat quality, body composition and growth and evaluated the impact of the divergent selection by phenotypic characterization of the two lines at the 5 th generation.
MATERIALS AND METHODS
All animal care and experimental procedures needed for the selection of the two divergent lines for PM-pHu (Program N° 00880.02) were approved by the Ethics Committee for Animal Experimentation of Val de Loire (registered under N° 19 by the National Committee).
Birds and Housing
The base population used to initiate the divergent selection originated from 43 males and 127 females from a grand parental female broiler line selected for a balance between growth and reproduction traits. As the measurement of PM-pHu requires sacrificing the birds, selection was carried out on their sibs. Three batches were produced at each generation: one batch (462 to 674 birds) was kept for reproduction and the other two batches (725 to 917 birds) for measurements of muscle pH and other traits under study. On average, 28 males and 73 females in each line were used from each generation as parents of the next generation. The selection pressure applied on males and females was estimated at 19% and 50%, respectively.
In order to reduce the effects of the environment, birds from the two lines (pHu+, pHu-) were reared together in a standard closed broiler house equipped with a dynamic ventilation system, gas heaters, automatic pan feeders and nipple drinkers at PEAT (Pôle was used for the first three weeks, followed by a standard broiler finisher diet (ME 13 MJ/kg, CP 20%) from three to six weeks of age. Broilers were fed and watered ad libitum until 8h before slaughter.
Slaughter and Carcass Processing
At the age of six weeks, birds were weighed, transported to the experimental slaughter house of PEAT, slaughtered after being stunned in a water bath using an electric current (80 mA and 125 Hz) for 5 s/bird. After 24 h of storage at 2°C, carcasses were cut and the abdominal fat, right breast muscles (Pectoralis major and minor) and thigh + drumstick were removed from the carcass and weighed to calculate their respective yields relative to body weight at slaughter.
Meat quality measurements performed at each generation
The ultimate pH of the right PM muscle was measured one day after slaughter using a portable pH meter (Model 506, Crison Instruments SA, Alella, Bercelona, Spain) by direct insertion of the glass electrode into the thickest part of the muscle. A Miniscan Spectrocolorimeter (Hunterlab, Reston, VA) was used at the same time to measure the color of the ventral surface of the PM muscle according to the CIELAB trichromatic system as lightness (L*), redness (a*) and yellowness (b*).
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Additional meat quality measurements performed on the last (5 th ) generation
The glycolytic potential (GP) was measured on the left PM muscle that was sampled 15 minutes post-mortem and quickly frozen in liquid nitrogen (n = 6 per line and sex)
according to the method of Dalrymple and Hamm (1973) and calculated according to Monin and Sellier (1985) . The initial rate of pH decline in breast muscle was estimated through measurement of the PM muscle pH at 15 min postmortem (PM-pH 15 , n = 40 per line and sex)
as described in Berri et al. (2007) . The ultimate pH of Sartorius (SART-pHu) muscle (thigh) was measured on all birds of the 5 th generation (n = 756) one day after slaughter as described above for PM muscle. The PM muscles (n = 694) were then put into zip-lock plastic bags, hung from a hook and stored at 2°C for 5 days before estimating their drip loss (DL)
expressed as a percentage of the initial sample weight. After DL measurement, PM muscle samples (n = 40 per line and sex) of 180 g ± 5g were weighed, then vacuum-packed and stored at +2°C overnight. Samples were then cooked in a water bath at 85°C for 13 min (core temperature of about 70°C), cooled in crushed ice for 10 min, wiped dry using absorbent under agitation. The next day, the cured meat was cooked at 85°C for 10 min then cooled in crushed ice for 10 min, wiped dry using absorbent paper and weighed. The CCY was expressed as a percentage of the raw cured meat before processing.
Estimation of genetic parameters
The total population of 9,626 animals used for the genetic analyses consisted of 4,685 was fitted to the data using VCE 6.0.2 (Neumaier and Groeneveld, 1998) . The equation of the model was as follows:
where y ijkl is the performance of the lth individual (l = 1 to 9626), µ is the general mean, H i is the fixed effect of the ith hatch (i =1 to 19), S j is the fixed effect of the jth sex (j = 1 for males, 2 for females), c k is the random environmental effect common to all the progeny of the kth dam (k = 1 to 855) which was included in the model only for BW6, a l (or a kl in case of BW6) the direct additive genetic effect of the lth individual. This model was first fitted to the complete data set to obtain estimates of genetic parameters for the total population 
Phenotypic analysis of growth, carcass composition, and meat quality traits
The effects of line, sex and their interactions were tested for all traits measured on the last generation using a two-way analysis of variance with interaction for unbalanced data (General Linear Model procedure of SAS). The Least Squares Means (LSMeans) and Tukey's test for multiple comparisons between levels of each factor and their different combinations (interactions) were obtained using the same procedure. The accepted type I error was set at 5%.
RESULTS

Genetic parameters in the whole population
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Descriptive statistics of traits included in the genetic analyses are summarized in Table   1 . As an initial inspection of the data revealed a non-normal distribution of DL, it was decided to apply a logarithmic transformation to this trait prior to genetic analyses but not prior to the phenotypic characterization of the two divergent lines where raw values of DL (i.e. percentages) were used. All other traits had a normal or a very close to normal distribution as indicated by their skewness and kurtosis coefficients. As shown in Table 2 , a strong genetic control of PM-pHu was observed with an estimated heritability (h 2 ) of 0.57. Except for BW6, the h 2 of which was moderate, all the other traits had high h 2 of between 0.39 and 0.71.
Estimated genetic correlations (r g ) between PM-pHu and other traits measured in the present study varied greatly (Table 2) . Strongly significant positive r g was found between PM-pHu and SART-pHu. Strong and moderate negative r g were observed with L* and b* while it was very close to zero with a*. A significant negative r g was also found with LogDL. Correlations between PM-pHu and growth and body composition varied according to the traits. They were moderately positive with BMY, but close to zero with TY, AFP, and BW6.
Genetic parameters within each line
Similar estimates of h 2 for PM-pHu were obtained within each line and in the whole population (Table 2 ). In contrast, differences in h 2 between the two lines were observed for other traits. The h 2 estimate of LogDL for the pHu+ line was around than twice as high as that for the pHu-line (P < 0.05). The hbetween PM-pHu and LogDL while in the pHu+ line the correlation was close to zero. The correlation with a* was close to zero in the pHu+ line whereas it was moderate and positive in the pHu-line.
To highlight the inter-line differences, especially in r g between PM-pHu and LogDL and between PM-pHu and L*, estimated breeding values (EBV) of LogDL and L* were fitted against those of PM-pHu in a simple regression model separately for both lines (On-line supplement 1, Figures A to D) . In the pHu+ line, only 4% of the variability of LogDL was accounted for by the PM-pHu. On the other hand, PM-pHu accounted for 85% of the total LogDL variability in the pHu-line. Similarly, for the relationship between breast meat L* and PM-pHu EBV, R 2 values from the regression fit were quite different between the two lines and reached 81% and 32% in the pHu-and pHu+ lines, respectively.
Genetic evolution of traits during selection
As shown in Figure 1 , the two subpopulations (pHu-and pHu+) started to diverge for PM-pHu after only one generation of selection where the between-lines difference was estimated at 1.15 genetic standard deviation (GSTD). The difference increased by an average of 0.67 GSTD per generation to reach 3.84 GSTD after five generations of selection (in G5).
Similar patterns of evolution but of lower magnitude were observed for L* and b* color parameters with the between-lines difference reaching 2.21 and 1.66 GSTD at G5 for these two traits, respectively. The genetic evolution of a* was less symmetric and of lower magnitude than the other color parameters, with a difference of 0.63 GSTD at G5. Carcass composition traits did not diverge to the same extent as meat quality traits. The two subpopulations started to diverge for BMY (0.36 GSTD) in the second generation, and the inter-line difference increased on average by 0.22 GSTD per generation, reaching 0.87 GSTD at G5. Non-symmetrical patterns of evolution were observed for AFP and BW6. Their respective between-lines differences were 0.06 and 0.21 GSTD at G5.
Phenotypic characterization of the pHu-and pHu+ lines
For PM-pHu (Figure 2) , the between-lines difference at G1 was 0.13 units of pH The marginal effects of line and sex on muscle, meat quality and body traits were estimated after five generations of selection (Table 3) . There was no significant interaction between either factor except for BMY. As shown in Figure 3 , BMY was significantly higher in the pHu+ line than in the pHu-line whatever the sex. The difference between sexes was significant only in the pHu+ line in which females exhibited higher BMY than males (P = 0.0002). As shown in Table 3 , males were heavier and exhibited lower AFP but greater TY than females. A significant sex effect was also observed on some of the meat quality traits.
The PM-pH 15 was slightly higher (P < 0.001) while the SART-pHu and CCY were lower (P < 0.001) in females than in males (Table 3 ). The line effect on all traits studied was highly significant except for BW6 and AFP (Table 3 ). The pHu+ line exhibited slightly higher (P < 0.001) TY. As for the PM-pHu, the SART-pHu was higher (P < 0.001) in the pHu+ line, with a difference of 0.21 pH units between the two lines. The PM muscle of the pHu-line was characterized by a higher GP (+17%, P < 0.001) and a slightly lower PM-pH 15 (P < 0.001) compared to the pHu+ line. Breast meat in the pHu+ line was less colored (lower a* and b* at INRA Institut National de la Recherche Agronomique on July 21, 2014 www.journalofanimalscience.org Downloaded from values, P < 0.001) but much darker (lower L*, P < 0.001) than in the pHu-line. Percentages of DL and CL were also reduced (P < 0.01) while that of CCY was considerably increased (P < 0.001) in the pHu+ line compared to the pHu-line. After cooking, the breast meat WB-SF was lower (P < 0.001) in the pHu+ than in the pHu-line.
DISCUSSION
It is well established in the literature that major meat quality defects such as PSE-and DFD-like meats are mainly associated with extreme variations in meat ultimate pH (Yang and Chen, 1993; Allen et al., 1997; Barbut, 1997; Fletcher et al., 2000; Swatland, 2008) . PSE-like meat is characterized as being pale in color, with soft texture and lower water-holding capacity (WHC) while DFD-like meat is characterized by a dark color, firm texture and by being dry. Both types of defect contribute largely to variation in meat appearance, texture, juiciness, shelf-life and processing ability (Allen et al., 1997; Barbut, 1998; Fletcher, 2002; Bianchi et al., 2005; Zhuang and Savage, 2010) . Thus, understanding the genetic and physiological control of meat pHu is essential in order to reduce the occurrence of extremely high or low values of this trait and consequently to reduce the incidence of these defects. This is the first study to our knowledge in which genetic parameters of growth, carcass traits and meat quality were estimated in broiler lines divergently selected for breast meat pHu. Pedigree information (prior to the initiation of our experiment) of the female grandparental broiler line from which birds in the present experiment were originated was not available so it was not included in the genetic analysis. Missing pedigree information has been shown to bias estimates of genetic parameters in case of non-random selection (Schenkel and Schaeffer, 2000) . In our case, the original line was selected for growth and reproduction traits and as the relationship between growth and PM-pHu has been shown to be at INRA Institut National de la Recherche Agronomique on July 21, 2014 www.journalofanimalscience.org Downloaded from 13 insignificantly different from zero (Gaya et al., 2011) , there is no reason to think that the described lack of information could bias our estimated genetic parameters. On the other hand, to the best of our knowledge, papers on the relationship between muscle pHu and reproduction traits in poultry are not yet available. Strong genetic determinism (57%) of PMpHu was observed. This was 10 to 15% higher (P > 0.05) than heritability obtained in broilers by Chabault et al. (2012) and Le Bihan-Duval et al. (1999 ) and around 40% higher (P < 0.05) than estimates obtained in the studies of Le Bihan-Duval et al. (2008) and Gaya et al. (2011) . Differences in genetic background between the lines used in the selection process (male vs. female grandparent lines, commercial vs. experimental lines) could in part explain the differences in heritability observed between studies. In addition, the low standard error of h 2 we encountered compared to previous studies was probably due to the large number of pHu measurements (n= 4720) accumulated in our dataset over the 5 generations of selection. The strong genetic determinism of breast meat pHu resulted in a huge difference of 0.42 pH units, corresponding to more than two phenotypic STDs, between the pHu+ and pHu-lines after five generations of selection on this parameter. The breast muscle pHu in broilers is mainly determined by the glycolytic potential, which quantifies the amount of glycogen present in the muscle at slaughter (Berri et al., , 2005 . At the genetic level, the correlation between breast muscle GP and pHu is very close to -1 (Le . Therefore, selecting broilers for higher (or lower) breast meat pHu should result in lower (or higher) muscle glycolytic potential, and this was confirmed experimentally in our study with a significantly lower GP in the pHu+ line compared to the pHu-line. However, more research is needed to understand the mechanism by means of which the selection process induced this significant variation in GP. The heritability of the pHu of a thigh (Sartorius) muscle was estimated for the first time. In addition to being highly heritable, the SART-pHu had also a strong positive r g with PM-pHu. From a physiological point of view, this indicates that at INRA Institut National de la Recherche Agronomique on July 21, 2014 www.journalofanimalscience.org Downloaded from selection on pHu in breast muscle affects the metabolism of other muscles, whose function and typology are quite different from the Pectoralis major muscle (Rémignon et al., 1994) .
This also means from an applied point of view that selection on breast meat pHu may have consequences on the sensorial and technological quality of thigh meat. The breast meat color parameters were found to be highly heritable. Our estimates were roughly in agreement with those reported for broilers in previous studies (Chabault et al., 2012; Le Bihan-Duval et al., 2001 ). The breast meat lightness (L*) and yellowness (b*) were negatively correlated with pHu, which was not the case for redness (a*). However, many studies have already reported negative genetic correlations between breast meat pHu and all color parameters including a* (Chabault et al., 2012; Gaya et al., 2011; Le Bihan-Duval et al., 1999 , 2008 . Redness of broiler breast meat is influenced by many factors such as genetic background, environmental conditions and pathogens (Debut et al., 2003; Fletcher, 2002) . The complex determinism of breast muscle redness could explain why the relationship with pHu is not consistent between studies.
In addition to breast meat quality traits, our study provided original data on the genetic relationship between body composition and breast meat traits. The heritability estimates for BMY, AFP and TY were in agreement with those reported in the literature (Chabault et al., 2012; Le Bihan-Duval et al., 1999 Zerehdaran et al., 2004) . There was a moderate positive correlation between BMY and pHu. Selecting broilers for higher breast meat pHu value would therefore lead to higher breast meat yield, which is one of the most important criteria of selection in commercial broiler lines. Such a positive relationship between breast muscle development and pHu has already been observed in several studies that analyzed the consequences of selecting body composition traits on breast meat quality Sibut et al., 2008; Jlali et al., 2012) . On the other hand, there was no significant genetic correlation between PM-pHu and BW6, TY or AFP, indicating that selection on breast meat pHu would not significantly affect these traits.
The high impact of selecting for breast muscle pHu on meat quality was confirmed at the phenotype level. Indeed, the pHu-and pHu+ lines diverged considerably for breast meat color and many traits related to water-holding capacity (WHC). An average variation of 0.42 units of pHu between the two lines led to differences of 5 and 1.5 points for L* and b*, and to 1.6% for DL during storage. The better WHC of meat from the pHu+ line was also observed during cooking (-1.6% less cooking loss) but especially during processing, with 6% more CCY than in the pHu-line. Our study also highlighted a very considerable difference in cooked meat texture between the two lines, with the pHu+ line producing a much more tender meat (-5 N/cm 2 for WB-SF) than the pHu-line. The determinism of breast meat texture is quite complex. Contrary to the significant correlation reported by Murphy and Marks (2000) between shear force and cook loss (r = 0.87) in ground and formed chicken breast meat, correlation between WB-SF and CL and between WB-SF and DL were not significant (r = 0.17, P = 0.13 and r = 0.21, P = 0.10, respectively) in the present study. Consequently, it was suggested that factors other than DL and CL contribute to the determinism of WB-SF in the population of the present study. According to a recent study (Wang et al., 2013) , variations in post-mortem decline in pH in broiler breast muscle can affect the activity or release of several proteolytic enzymes involved in the post-mortem meat tenderization process. Whether or not selection on pHu affects the post-mortem proteolytic activity in breast muscle, and as a consequence meat texture, remains to be elucidated. by Barbut (2002) and could explain why only a moderate increase in WHC was observed in the pHu+ line while a great decrease in WHC was observed in the pHu-line in the present study.
The greater water loss observed in the pHu-line could be explained by the post-mortem loss of functionality of muscle proteins, especially water-binding proteins, as they approach their isoelectric point (Barbut, 1998) . When this point is reached (pH = 5.3 for myosin, Van Laak et al., 2000) , muscle proteins lose their ability to attract, bind and retain water (Huff-Lonergan and Huff-Lonergan, 2005) . Van Laak et al. (2000) have shown that contrary to what has been observed in pork, denaturation (i.e. irreversible loss of functionality) was unlikely the cause of PSE-like meat in chicken. According to these authors, myosin from white chicken muscles was more resistant to denaturation than that from red chicken muscles and from white and red pork muscles under different pH (5.4 vs. 6.5), temperatures (25 vs. 40 °C) and ATP concentrations (0.68 vs. 3.4 mM). Thus, the observed low WHC in the pHu-line would be a result of a reversible loss of functionality rather than an irreversible denaturation of muscle proteins.
Lightness (i.e. translucency or reflectance) of poultry meat is highly affected by pHrelated light scattering effect giving low-pH meat a lighter color and high-pH meat a darker color (Swatland, 2008) . According to this author, a decrease in pH reduces the negative electrostatic repulsion between myofilaments which then move closer together laterally and increase the refractive index of the meat in the lateral direction. In addition, at low pH values, free water (the proportion of water not contained within muscle cells) increases between muscle cells and on the surface of cut muscles and acts as a reflective surface, resulting in a lighter appearance of the meat, while at high pH values, more water is kept inside muscle cells giving the meat a less reflective surface and darker appearance (Braden, 2013) .
Taking into consideration the estimates of the genetic parameters found in the current study and their phenotypic consequences, there is considerable impact of selection for PMpHu on the determinism of meat quality traits. PM-pHu is therefore a major candidate for introduction into commercial breeding programs in order to reduce the incidence of PSE-like or DFD-like meat and the undesirable quality traits associated with these defects in broilers.
The present study also showed that selection for PM-pHu had no significant impact on body 1 PM-pHu = pH of Pectoralis major muscle measured 24h postmortem; SART-pHu = pH of thigh (Sartorius muscle) measured 24h postmortem; L* = Pectoralis major lightness; a* = Pectoralis major redness; b* = Pectoralis major yellowness; DL = drip loss after 5 days of storage; BMY = breast muscle yield; TY = thigh + drumstick yield; AFP = abdominal fat percentage; BW6 = body weight at 6 weeks of age. x-z Different superscripts in the same row indicate significantly different r g estimates (P ≤ 0.05). 
